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ABSTRACT 

The report summarizes the results of the redesign efforts directed towards the gas-turbine 
combustor rapid-injector flow diagnostic probe developed under sponsorship of NASA-GRC 
and earlier reported in NASA-CR-2003-21254.0. Lessons learned during the theoretical 
development, developmental testing and field-testing in the previous phase of this research were 
applied to redesign of both the probe sensing elements and of the rapid injection device. This 
redesigned probe (referred to herein as Turboprobe) has been fabricated and is ready, along with 
the new rapid injector, for field-testing. The probe is now designed to capture both time- 
resolved and mean total temperatures, total pressures and, indirectly, one component of 
turbulent fluctuations. 
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1. Introduction 
The field test camed out in the ENEL combustor facility with the Turboprobe mechanism 

and reported in Ref. 1, led to several ideas for improving performance characteristics. 
The first redesign effort focused on the analysis of the injection mechanism in order to 

control the valves separately and enabling the use of bottled nitrogen to power the injections (in 
particular, plumbing the cylinder from the atmosphere). The second effort focused on the design of 
a single probe head with multiple sensors for attaining a better knowledge of the turbulent 
fluctuations in the exit flow of a gas turbine combustor, providing wide bandwidth, simultaneous 
temperature measurements of on a single, field-replaceable probe. 

First, the new valve control and the main experimental results validating its performances 
are presented. Then the redesign and final calibration of the new probe are illustrated. An additional 
circuit designed to measure the Kulite current, and hence the Kulite temperature, is also described. 

The injector redesign effort was centred at Pisa (Centrospazio Space Research Laboratory) 
and the probe redesign in Oxford. 

Finally, the modified design Turboprobe mechanism (metric version), mounted in the new 
access ENEL-Sesta port, is shown in preparation for a possible future field-test. 

2. Injection valve control description 
The first step in the development of Turboprobe injection characteristics was to enable the 

use of a nitrogen bottle inside the ENEL-Sesta rig area by modifying the valve control in order to 
obtain a lower air bottle consumption (in fact, during the last tests it was esteemed that one 200 bar 
nitrogen bottle would allow about 45 minutes of operation in nominal conditions, which is clearly 
not satisfactory for that utilization). 

The idea was to separate the valve control (the intake ones from the exhaust ones) and to 
connect all the valves to the air bottle (previously all the valves were controlled by the same signal 
pulse and only two valves were connected to the air bottle). 

To achieve this new requirement it was essential to analyze the DAQ board characteristics, 
in order to examine the possibility of assigning one digital channel as well as a counter (to count the 
time-ticks and to control the effective pulse delay and pulse width for the injection) to each relay. 
After checking it out, and finding an appropriate solution to the problem, all the new electrical 
connections inside the DAQ board were modified as well as the original Labview program for 
injection control [2]. 

At this time the valves are controlled separately by two different relays through the new 
Labview program and it’s now possible to control the pulse delay and the pulse width of each 
couple of valves as well as the 3 injection phases (injection, stationary time at maximum distance, 
retract). 

Table1 presents the valve plumbing details of the present probe system configuration and 
Figure1 shows the new separated control valves scheme. 

Valve A R P 
1 F Open Air Bottle 
2 F Open Air Bottle 
3 R Open Air Bottle 
4 R Open Air Bottle 

Tablel. Plumbing details for the injector valves. 
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Figure 1.Turbopmbe separated injector valve control scheme. 

In particular, after more than 250 runs in the new configuration the bottle air consumption is 
extremely reduced: the new estimate for air consumption is that a bottle should last for over 1250 
injections, and for an undefined amount of time at rest, because of the completely closed system 
with respect to the atmosphere. 

3. Injection experimental tests 

3.1 Injection test description 
With the new valve control configuration, it was necessary to characterize the injection 

performances which fulfilled the Turboprobe requirements. At first, the main objective was to 
validate the system and to estimate the best injection conditions, through several preliminary 
experimental tests which were carried out at variable cylinder pressures and pulse widths. After one 
hundred and half runs it was possible to determine the best valve control configuration (pulse delay 
and pulse width for each couple of valves) for three different bottle operative pressures (4,5,6 bar). 

The results obtained through these experiments allowed to define an “upgraded test 
programme in order to investigate more specifically the influence of the pressure and the piston rod 
weight on the injection performances. In particular, the rod weight was varied by two different 
amounts, by attaching weights to the end of the probe rod. Table 2 shows the weight summary 
including also the nominal weight of the piston-rod assembly. 

I Additionalweight#l I 25 1.9 I 
I Additional weight # 2 I 354.1 I 

Table 2. Different weights on the probe rod 

The test conditions analyzed in the “upgraded” experimental programme are available in the 
next table: test conditions of interest are labelled with letters (A, B, C . . .). 
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Table 3. Summary of test conditions 

3.2 Injection test results 
As previously mentioned, the experimental tests were carried out under several conditions 

and in this section the main results are presented. 

Staz.Time Phase 2 Time 

-20 I I 1 

0 001 002 OM 0.04 005 006 007 008 009 0.1 
Time Is] 

Figure 2. Example of the Turboprobe performance for run n"37 

Figure 2 shows the performance characteristics of the injection mechanism, which were 
measured and represented for each run, in particular: 

- 
- 
- 
- 
- 

the insertion time and speed (phasel) 
the retraction time and speed (phase 2) 
stationary time around maximum penetration (staz) 
the maximum injection distance (Max) 
the total travel time (flowtime) 
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The time of immersion in the hot flow, or, more importantly for probe survival, the time during 
which the probe is outside the protective shield, is about 10 ms shorter than the total flowtime 
(shield distance is about 20 mm). 

The next table illustrates the mean values of the performance characteristics for the different 
conditions presented in table 3. (Herewith only the most interesting and “more effective” results). 

Table 4. Average performances of the Turboprobe mechanism for several conditions. 

It can be noted how, if we observe that the probe is inside the shield on the insertion and 
retraction for 20 mm, the flowtime is less than 70 ms for all the conditions. The original 
requirements of 100 mm of immersion distance in 100 ms are completely satisfied. The immersion 
speed is higher than the retraction one: when the run starts the piston travels toward a zone at 
atmospheric pressure while when it comes back it has to move toward a zone which is at higher 
pressure than the atmosphere. 

The repeatability is excellent, with standard deviation of maximum penetration of less than 
1.3 mm for all the conditions. (Fig. 3) 

I 

0 001 002 003 OM 005 006 007 008 009 01 
-20 1 

lime Is1 

Figure 3. Performance comparison for several runs in the condition I (P=6 bar, Rod-Piston 
Weight=102.3 g, Pulse Delay1 = 0.015 s, Width Pulse1 = 0.035 s, Pulse Delay2 = 0.005 s, Width 
Pulse2 = 0.04 s) 

Figure 4 shows a performance comparison pattern for the “old’ run in nominal condition (P 
= 9 bar, Rod-Piston Weight = 102.3 g, Pulse Width = 0.1 15 s) and a “new” one (run n”35). The 
performance of the new TP configuration is vastly superior. In particular, the pressure inside the 
cylinder, for the same maximum penetration distance for the two injections, is decreased by 3 bar 
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while the flowtime is about one half the previous value. This characteristic permits us to provide us 
the possibility to obtain further air saving. 

0 002 004 006 008 0 1  012 014 016 018 0 2  
-201 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 

Time [SI 

Figure 4. Performance comparison between an “old” run in the nominal condition (P = 9 bar, 
Rod-Piston Weight = 102.3 g, Pulse Width = 0.115 s) and a “new” run (P = 6 bar, Rod - Piston 
Weight = 102.3 g , Pulse Delayl = 0.015 s, Width Pulsel = 0.035 s, Pulse Delay2 = 0.005 s, 
Width Pulse2 = 0.04s) 

Finally an important qualification has to be made: all of the injections were in atmospheric 
pressure; therefore some care has to be considered in extending the results to possible operations in 
Sesta were background pressure is well over 10 bar. 

3.2.1 Performance w.r.t. rod weight 
Figure 5 presents the influence of rod weight (conditions D, P, R) on the flowtime and 

maximum penetration performances (cylinder pressure = 4 bar). As expected, due to the higher 
inertia of the rod, as its weight increases, both the flowtime and the maximum penetration increase. 
The increased weight (added to simulate the performances of TP in the new configuration with the 
“new longer probe”, see next section) allows a better injection performance and, at the same time, 
the flowtime is still really satisfactory (only 2 ms longer than the one obtained with no added 
weight). 

i” 116 

87.5 

W e W  [SI 

Figure 5. Weight influence on performance at P = 4 bar and at Pulse Delayl = 0.015, Width 
Pulsel = 0.035 s, Pulse Delay2 = 0.005 s, Width Pulse2 = 0.04 s (0.05 s) (flowtime in the upper 
plot, maximum penetration down) 
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Figure 6 shows the performance characteristics for the condition R. It is evident (see also 
Table 4) that the stationary time is particularly reduced, but it can be increased easily at will from 
the DAQ software interface. 
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Figure 6. Performance comparison for several r u n s  at the condition R (P = 4 bar, Rod - iston 
Weight = 456.4 g, Pulse Delayl = 0.015 s, Width Pulse1 = 0.035 s, Pulse Delay2 = 0.001 s, Width 
Pulse2 = 0.05 s) 

3.2.2 Performance w.r.t. air pressure 

maximum penetration performances (Rod-Piston Weight = 102.3 g). 
Figure 5 presents the influence of cylinder pressure (conditions C, G, I) on the flowtime and 

110 

~~ 116 

5 114 

4.2 4.4 4.6 4.0 5 5.2 5.4 5.6 5.8 6 
1124 

Pressure [bar] 

0 4 ,  I 

761 4'2 4'4 4'6 4'0 k 5'2 5'4 5'6 5'8 l!i 

Pressure [bar] 

Figure 7. Pressure influence on performance with Pod-Piston Weight = 102.32 g and at Pulse 
Delayl = 0.015 s, Width Pulse 1 = 0.035 s, Pulse Delay 2 = 0.005 s, Width Pulse 2 = 0.04 s 
(flowtime in the upper plot, maximum penetration down) 

The maximum penetration increases linearly with pressure, while the flowtime decreases 
almost linearly. It is evident that the performances are totally satisfactory for all the 3 pressures and 
this allows the evaluation of the possibility of either improving the probe margin of safety or 
increasing the piston travel region. 
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4. New probe description 
As previously mentioned, the probe design was considerably modified and is more complex 

than the probes used up to now separate pressure and temperature probes because it had to fulfil the 
following requirements: 

0 Simultaneous measurement of pressure and temperature fluctuations during the same 
run 
Measurement of pressure and temperature mean values (low frequency) 
Extraction of the probe from the back of the injection mechanism without having to 
remove anything else (quick substitution). 

The first 2 requirements lead to a relatively high number of sensors (and therefore high 
number of wires coming out from the back of the injection mechanism) to be fitted in a relatively 
small space: 

- 1 small size, miniature Kulite pressure transducer (model: XCQ-77-062-17BARA) (4 
wires) 

- 1 pitot tube 
- 2 thin-film gauges with different substrates each: Coldierite and Quartz, the same 

used for the last experimental campaign (4 wires) 
- 2 thermocouples: one fitted on the tip and the second one internal the probe (4 wires) 

Figure 8 shows a scheme of the new sensor configuration on the probe, while Figure 9 
shows the tip of the manufactured probe. 

Thin film gauge o 
quartz 

Thin film gauge on 
cordierite 

Thermocouple 52 

probe body 

Thermocouple 3.r: 
Macor Probe \ 
support 7mm dia. 

Figure 8. New probe scheme 



Figure 9. Photos of the manufactured probe. The left hand picture shows it during 
construction and the right hand shows the finished probe 

In particular, the probe includes a self-heating two-substrate temperature probe, which 
recovers a heat flow total temperature by measuring the temperature histories of two thin film 
gauges, which start at the same temperature but reach different final temperatures due to the fact 
that are painted on different substrates. 

One film is painted on a Quartz substrate and the other one on a Cordierite substrate (the 
same as used during the last experimental campaign); The thin films properties are presented in 
Table 5, while the film calibration is shown in Table 6. 

Quartz 
Cordierite 

Max Temp diffusivity 
(“C) (m2/s) p*c*k sqrt(p*c*k) density, p C k 

W m 3 )  , ( J k K )  (W/mK) 
Material 

z i0 .00  755.00 1.40 2.34.10~ 1528.39 1200.00 8.39.10.’ 

2600.00 1464.40 3.00 1.14~107 ~179.69 1371.00 7.WIO.’ 

Quartz 
Cordierite 

21.619 0.0312 1 . w 1  o - ~  
34.797 0.0594 1.71’10-3 
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Figure 10. General scheme of the new fast-extracting probe 

4.1 Calibration test description 
The new probe was tested and calibrated at Oxford in collaboration with Oxford University 

and Centrospazio Space Research Laboratory, using the Oxford Step Heating Calibration Facility 
with a heat gun. 

The facility trigger and the data acquisition system were controlled by the DAQ board 
installed on a standard PC computer through the use of software written in National Instrument’s 
Labview 5.01 environment. 

During the present experimental campaign the miniature Kulite pressure transducer and the 
two thermocouples were tested in order to estimate their correct signal responses while a more 
accurate experimental tests were conducted for calibrating the two thin film gauges. 

The voltage thin films signals were acquired by the digital board, after passing through a 
pre-amplifier stage: a diffential input DC amplifier, an AC coupled amplifier and a low-pass 
antialiasing filter (the same amplifier system used for the last experimental tests). Before starting 
the experiments on the new probe, it was necessary to conduct several tests in order to verify the 
amplifier frequency response and to lower the noise level. 

Figure 11 shows the frequency response comparison of the DC amplifier for the two thin 
film gauge channels. It is evident how the thin film gauge amplifier boosts the higher frequencies of 
the thin films gauges in order to reduce digitisation errors as the thin films voltage signal falls with 
the increasing frequency. The frequency responses are consistent with the amplifier design 
response. 

Circuit Gain DC 

Figure 11. 

Freq (Hz] 

Frequency response comparison of the DC amplifier for the two thin film gauge 
channels 
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4.2 Calibration test results 
This section presents the results obtained in Oxford in order to characterise the new probe 

design characteristics. After having set up all the instrumentations and data acquisition system as 
well as positioned correctly the probe under the heat gun flow, it was possible to begin the 
experimental campaign. 

The thin films gauges were connected to two channels of the previously mentioned 
amplifier, one for the quartz film and one for the cordierite one. During the experiments, a constant 
current of 10 mA was maintained through the thin film gauges via a DC current supply in order to 
monitor the resistance changes with temperature variations for both thin films. The Post-processing 
routines were written in the Labview and Matlab environments. 

Figure 12 shows the comparison between the temperature history for the two thin films. 

Filtered thin-film temperature histories 

0'2 0'4 0'6 0'8 ; 1'2 1'4 1'6 1'8 
Time [ s] 

Figure 12. Comparison between the filtered temperature history for the two thin film for the 
run n"13 (Tin = 298"K, Time = Zsec, Sample rate = XOkHz). 

It is evident from the above figure that there is a settling time at the beginning of the run due to 
the fact that films start at the same temperature. 

The next figures presents the comparison between the heat flux history for the two thin 
films, and the flow total temperature history respectively. 

To determine the heat flux history for the two films it was used the quasi-infinite substrate 
approximation and then the correcting formula [Buttsworth & Jones, 1997bJ (1) for two- 
dimensional effects due to cylindrical shape of the probe (lateral conduction). 

The total temperature history was retrieved developing an iterative procedure which allows 
to determine h and the total temperature Trot ( q = h(7'tot - Tw) ). The fundamental hypothesis in 
this analysis assumes that the local flow around the probe is laminar; in this flow condition, the 

Nusselt and Reynolds numbers are connected by the relation Nu - R e 2 ,  or - hd - [Fr, where 

1 
1 - 

k 
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h, d, k, p, V and p are heat transfer coefficient, probe diameter, thermal conductivity, gas density, 
flow velocity and gas viscosity respectively. 

It is necessary to note that the aforementioned experiments were carried out only through the 
heat gun because it was not safe to expose the Kulite pressure transducer to the gas torch flow 
(which reach higher temperature than the heat gun) for several seconds. In this view, it is important 
to remember that the probe has to remain inside the rig, exposed to the hot flow, for only around 
100 ms. 

Fltered Heat Flux 

10 - - 
N 
E 
E 
x x 
G= 

m (Y 

c 

I 
5 -  

1- Coldierite I 

01 ' ' I I I I , I ' I  
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Time Is] 

Figure 13. Comparison between the filtered heat flux history for the two thin film for the run 
n"13 (Tin = 298"K, Time = 2sec, Sample rate = 250kHz). 

Total Temperature mm 
7m t 1 

E 4  1 ,  1 
m 
t 
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$ 

2 400- 
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Figure 14. The total temperature history for the run n"13 (Tin = 298"K, Time = Zsec, Sample 
rate = 250kHz). 

5. Sensing the temperature of the Kulite pressure transducer 
Miniature Kulite pressure transducers, such as the XCQ-77-062-17BARA used in the new 

probe, use semiconductor resistive strain-sensors on the pressure sensitive diaphragm. Consequently 
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the resistance of the sensor between the constant supply voltage and the return earth lead is 
temperature dependent. Moss [4] showed that the temperature of the sensing elements could be 
measured by measuring the supply current of the Kulite sensor. This is very useful for health 
monitoring of the Kulite during insertion into the hot flow. 

A new, simple, add-on operational amplifier circuit has been designed to measure the supply 
current without disturbing the constant 12 V supply voltage to the Kulite. One channel of the Kulite 
amplifiers is modified to enable this facility. 

The XCQ-77-062-17BARA transducer has an input resistance of 2428 Q, and so draws 
about 5.0 mA from a 12 volt supply. The current sensing circuit is designed to give an output of 
about +2.0 volts for this current, so as to suit a 0-5 V AD. As designed, the circuit has a 10 kHz 
bandwidth. Figure 15 shows the add- on circuit. 

, 

Figure 15. Pressure transducer supply current measuring circuit (IC3a & IC3b) added to the 
Pressure Transducer Signal Conditioning Unit. 

6. Metric Turboprobe version 
Figures 16 and 17 show a longitudinal cross-section of the Enel-Sesta test facility and, in 

particular, the position of the nozzle related to the old access port, used for carrying out the last 
experimental tests, as well as to the proposed new one, which could be utilized in the future 
experiments. Appendix A shows a transverse cross-section of new probe in Sesta working section. 

Note that, the new access port allows the reduction of the probe distance from nozzle exit by 
about 300 mm in axial direction, but at the same time it requires an increase of the Turboprobe 
length in order to reach the centre of the rig (Appendix A). 
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In this view, some components (Table 7) of the Turboprobe mechanism have to be 
reconfigured in order to fulfil the new requirements. In particular, a new aspect is represented by the 
use of a new Stainless Steel-probe rod (that will slide inside it). 

Due to that, we can note that in the worst case the weight of the rod-piston-probe system 
will be around 310 g (to that weight we have also to add the Swagelock connector, the 
instrumentations and the electrical cables weights). 

Proposed 
new access 

Port 

Figure 16. Schematic of the Sesta rig. 

c Origin a1 
Turboprobe 
access port 

Figure 17. The new access port of Enel-Sesta facility. 



Material Lengtb Inwr Outer Weigbt 
Diameter Diameter 

Table 7 .  New injection mechanism components 

Figure 18 shows the design of the Turboprobe (metric version), which will be mounted in 
the new access ENEL-Sesta port. It was necessary, in fact, to re-design all the injection mechanism 
in order to slide in it the new rod (in fact the old rod external diameter was 9.5 mm while the new 
one is 10 mm) and to have the TP in metric units. Figure 19 shows a photo of the assembly of the 
new manufactured Turboprobe. 

Rod 
Steel-Piston 
ALPiston 

probe 

tea 

l n t a k e  

(mm) (mm) (=) 0 
AISI 1018 1100 9 10 127 
AISI 1018 20 10 49 70 

AL 606 1 -T6 20 10 49 37 
AISI 1018 1200 7 8 109 

Piston Rod 

J 

nw 
A 

Metric V e r s i o n  

Figure 18. New Turboprobe mechanism configuration 

.-= 

Figure 19. Photo of the new manufactured Turboprobe injection cylinder 

6.1 Observation on piston-rod junction 
The new injection mechanism was so powerful that the adhesive piston-rod join broke two 

times: the first one when the usual injection parameters were tested (nominal weight and 9 bar in 
the cylinder) and the second one when, after 250 runs, the tests were performed at higher pressure 
with an additional weight on the piston end. This means that other ways have to be examined to 
improve the join between the piston and the rod: the present adhesive connection is no longer 
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sufficient, because of the increased impact force of the piston on the springs/piston-stops (the 
injection speed is about 4 times bigger). 

In order to solve this problem, it was decided to braze the stainless steel piston-rod to a 
stainless steel-piston, a better solution than using the aluminium-piston. Several tests have to be 
carried out in order to assure the safety of the junction. 

Figure 20 presents the new piston design, while Figure 21 show the manufactured piston 
brazed to the stainless steel rod. 

I I 

Figure 20. New piston design 

Figure 21. Photo of the new Stainless steel piston and rod 

7. Conclusions 

mechanism has been successful: 
The activity for improving the performance characteristics of the present injection 

1 .  It was possible to control the solenoid valves separately through two different relays 
by the use of the DAQ board. This avoids a high rate of air consumption and 
therefore allows the possibility to use nitrogen bottles inside the rig. After 250 runs 
the air bottle consumption was only about 20% of bottle. 

2. The injection performance is greatly improved: the probe immersion time is now less 
than one half of the one measured in the preceding runs (September 2002). At a 
cylinder pressure of 6 bar, the speed during the first phase (entry) is around 4.9 m / s  
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while during the second phase (exit) is around 3.5 d s .  This could lead to shorter 
injection time or increment injection distances. 

3. The original requirements of 100 mm immersion distance in 100 ms are largely 
satisfied. 

4. Modifications on probe geometry, including significant weight increase, didn’t create 
problems with the injection mechanism. Sufficient penetration was obtained also 
with 4.5 times the present weight and the immersion kept low (around 70 ms) at a 
cylinder pressure of 4 bar. 

5. A new type of probe was designed and manufactured in Oxford. Several sensors (2 
thin films, 2 thermocouples, 1 pitot, 1 Kulite pressure transducer) were mounted on 
the same probe. The new probe was tested and calibrated in Oxford with the 
collaboration of Centrospazio Space Research Laboratory. 

6. A simple circuit has been added to the Kulite pressure transducer amplifiers enabling 
the measurement of the current taken by the Kulite. This current is temperature 
dependant and will enable transducer diaphragm temperature to be monitored during 
a hot run. 
The proposed new access port in the Enel test rig is closer to the actual combustor 
nozzle exit. There are some concerns over the increase in length of the probe 
(necessary because the new port is on a larger diameter part of the rig). It must be 
noted on the practical side that the new system will be much heavier than the original 
one, because of the more rugged stainless steel construction and the “quick 
extraction” system that allows removal of the probe without dismounting all the 
injection mechanism. 

8. A new issue is posed by the increased impact force of the piston on the end stops, 
which broke two different adhesive piston-rod joints relatively easily. Some further 
testing is necessary to test the strength of the new brazed piston-to-rod joint in 
service. 

9. The redesigned, more rugged injection mechanism and the new, easily removed 
multi-sensor probe have been successfully tested and will shortly be ready for use. 
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Appendix A 
Cross-section of new probe in Sesta working section. 


